The past twelve years have seen ubiquitous learning (u-learning) emerging as a new learning paradigm based on ubiquitous technology. By integrating a high level of mobility into the learning environment, u-learning enables learning not only through formal but also through informal and social learning modalities. This makes it suitable for lifelong learners that want to explore, identify and seize such learning opportunities, and to fully build upon these experiences. This paper presents a theoretical framework for designing personalized learning paths for lifelong learners, which supports contemporary pedagogical approaches that can promote the idea of a cumulative learning continuum from pedagogy through andragogy to heutagogy where lifelong learners progress in maturity and autonomy. The framework design builds on existing conceptual and process models for pedagogy-driven design of learning ecosystems. Based on this framework, we propose a system architecture that aims to provide personalized learning pathways using selected pedagogical strategies, and to integrate formal, informal and social training offerings using two well-known learning and development reference models; the 70:20:10 framework and the 3-33 model.
Introduction
Over the past decade, there has been a significant increase in the use of computing and communication technologies, the key technologies of ubiquitous computing. A large number of small, portable electronic devices (e.g., mobile phones, Personal Digital Assistants (PDAs), wearable computers, sensors and actuators, Radio-Frequency IDentification (RFID) cards and tags) created new opportunities for individual learning activities to be embedded to our everyday life, and thus the term u-learning was coined to describe this new type of learning based on the use of ubiquitous technology.
Rapid changes of learning environments made it difficult for researchers to precisely define u-learning [1] . This resulted in various definitions that can be broadly classified into three categories, depending on the aspect they regard u-learning, i.e., the adopted technologies, the educational objects and the learning process. In a definition influenced by the classification of learning environments, u-learning was described as a combination of the e-learning and m-learning paradigms [2] . However, such a description does not consider five important characteristics of u-learning, i.e., permanency, accessibility, immediacy, interactivity and context-awareness. Therefore, this paper will refer to u-learning as "a learning paradigm which takes place in a ubiquitous computing environment that enables learning the right thing at the right place and time in the right way" [3] .
Context-awareness distinguishes u-learning from other types of learning and is therefore considered a major characteristic by researchers, whereas permanency, accessibility, immediacy and interactivity are named common characteristics in the literature. The application of this major characteristic in technology-enhanced learning (TEL) systems was enabled by the use of mobile, wireless communication and sensing technologies, and it has led to the development of new learning environments that can remove the learning space limitations of the classroom, can provide personalized learning guidance (e.g., by using active learning support) [4] , and can support learning in real-world contexts [5] . This new u-learning approach has been called "context-aware ubiquitous learning" or "contextual mobile learning" [1, 6, 7] .
A research in the literature indicates the success of the context-aware u-learning approach in improving learning motivation, achievement and attitudes [6, 8] , and its effectiveness in conducting specific in-field learning activities supported by Mindtools [9] . However, this success entails new challenges for learners that are accustomed to traditional learning spaces and educational settings. Apart from the acquaintance with the latest u-learning technologies, learners are required to be highly adaptive as knowledge construction is now translated into forming connections among learning activities in various real-world contexts, and into recognizing knowledge patterns that appear to be hidden in these contexts.
Guiding learners to learn the right thing at the right place and time in the right way has proven to be a difficult task [10, 11] . It involves arranging the learning activities in a way that takes the features of learning contents and the parameters of real-world environments into account. Without an effective guidance plan based on appropriate strategies and supporting tools, learners' performance could be significantly affected [12] [13] [14] , especially when contexts combine both real-world and digital-world resources at the same time [15, 16] . Therefore, developing an effective and efficient u-learning framework for designing personalized learning paths for lifelong learners is not only challenging, but also of great importance.
Although the terms ubiquitous computing and pervasive computing are synonymous and can be used interchangeably, this is not the case with pervasive learning and u-learning. Pervasive learning is highly localized and limited, whereas u-learning integrates a high level of mobility into the learning environment [3] , and can thus be regarded as the successor of pervasive learning. U-learning enables learning through formal, informal and social learning modalities and this makes it suitable for lifelong learners that want to explore, identify and seize learning opportunities, throughout their life, and to fully build upon these experiences.
Preparing people for lifelong learning is considered nowadays a critical educational goal, which can be achieved by developing learners' capacity for self-direction [17] . However, even self-directed learners cannot cope with the increasing amount of available information regarding new learning opportunities. Although they strive to stay current in their field in a constantly changing society, they are still "confronted with the problem of how to find a way into and through a body of knowledge that is unknown at the outset. Without the benefit of any explicit guidance, a self-directed learner is obliged to map out a course of inquiry that seems appropriate, but that may involve a certain amount of difficulty and disappointment that could have been averted" [18] . There appears to be, therefore, a potentially important role for systems that can help learners plan their learning path at each key stage [19] , and personalized learning has also the potential to be important for lifelong learning [20] .
This article presents a theoretical framework for designing personalized learning paths for lifelong learners, which supports contemporary pedagogical approaches for learning across the learning continuum from Pedagogy through Andragogy to Heutagogy (PAH continuum) where lifelong learners progress in maturity and autonomy [21] [22] [23] [24] . Although some researchers claim that e-learning systems should not be favourable to any specific pedagogical approach [25] , this study follows a path that questions this pedagogical neutrality [26] , and opts for "pedagogically 'engaged' or 'committed' conceptions of systems that serve specifiable educational purposes, situations and methods" [27] . The aim is to develop a theoretical framework that builds on Digital Learning Ecosystems (DLEs), the next-generation Technology-Enhanced Learning (TEL) systems with built-in pedagogical affordances [28] . Based on this framework, we propose a system architecture that integrates formal, informal and social training offerings using two well-known learning and development reference models, the 70:20:10 framework [29] , and the 3-33 model [30] .
The rest of the paper is organized as follows. Section 2 presents the theoretical framework while defining the key terms DLE, affordance and PAH continuum. In Section 3, we explain the technological aspect of the framework and its architecture. Section 4 discusses the integration of formal, informal and social learning, and Section 5 summarizes useful conclusions.
Theoretical Framework
The move to u-learning was mainly underpinned by new digital media and their transformative effects on learning environments. Therefore, a contemporary and future-proof theoretical framework for creating pedagogy-driven personalized learning pathways should be based on e-learning systems that use the latest ubiquitous computing technologies combined with appropriate learning theories. The last few years, a generation shift from closed and static to open and evolving systems seems to be happening in TEL [31] . Table 1 underlines the differences of the three generations of TEL systems in four dimensions, i.e., software architecture, pedagogical foundation, content management and dominant affordances. The following subsection describes the third generation of TEL systems using ecological principles.
Digital Learning Ecosystems
A research in the literature reveals a recent trend towards describing TEL systems using the ecosystem metaphor. Uden et al. [32] use the term e-learning ecosystem to describe all the components required to implement an e-learning solution, i.e., content providers, consultants and infrastructure. A pervasive digital environment populated by digital components that evolve and adapt to local conditions comprises the digital infrastructure of the ecosystem. Ficheman and de Deus Lopes [33] consider a DLE as an aid for learning tool design, and describe it as the set of all relationships between biotic factors (actors and content) and between biotic and abiotic factors (environment). Another definition considers the same types of interactions, but models biotic components as Teaching Niche (lecturer, tutor and e-learning officer) and Learning Niche (student), and abiotic components as physical devices, internet connection, e-learning interface or portal and content. Teaching and learning are regarded as a source of energy and a transformative process where information generates knowledge [34] .
The previous definitions model tools, services and content as the abiotic part of the ecosystem. While this is sufficient for describing second generation TEL systems, it cannot represent the third generation of open, loosely coupled, self-organised and evolving TEL systems. In order to describe such systems, we need to consider three important ecological principles: the flow of energy and exchange of matter, the feedback loop to and from the environment, and the interactions between species. We can then define a DLE as "an adaptive socio-technical system consisting of mutually interacting digital species (tools, services, content used in learning process) and communities of users (learners, facilitators, experts) together with their social, economic and cultural environment" [28] . interacting digital species (tools, services, content used in learning process) and communities of users (learners, facilitators, experts) together with their social, economic and cultural environment" [28] . Figure 1 , adapted from [31] , shows the landscape of TEL systems. Offline learning systems (e.g., textbooks on CDs and other teaching and learning software) are regarded as the first generation TEL systems, whereas Virtual Learning Environments (VLEs) are the second generation that appeared with the emergence of World Wide Web. The latter is a broad category that includes Personal Learning Environments (PLEs), Learning Object Repositories (LORs) and Learning Management Systems (LMSs). The next parts of this study examine whether the above definition of DLE, which is based on ecological principles, is compliant with contemporary pedagogical theories and practices. The aim is to define a five-step approach that can be used for designing a pedagogy-driven u-learning framework. For this purpose, the concept of affordances is introduced, and the possibility of mapping affordances of learning theories on to affordances of technologies and standards is investigated.
Designing with Affordances
In consonance with the previous section that used the ecosystem metaphor to describe TEL systems, this section will use the affordances concept to describe the theoretical framework. The term affordance has its roots in ecological psychology and it was coined by Gibson in 1979 to describe the affordances of the environment as "what it offers the animal, what it provides or furnishes, either for good or ill" [35] . Not only has this concept of affordances evolved over the years, but it has also been adapted across different disciplines (cognitive science, design, education, Human-Computer Interface (HCI) studies and psychology) gaining new interpretations and uses (e.g., physical affordance, perceived affordance, social affordance etc.) [36] .
In the HCI domain the term was introduced by Norman as "a relationship between the properties of an object and the capabilities of the agent that determine just how the object could possibly be used" [37] . Norman considered his definition of perceived affordance (usability) to be more important than the original definition of real affordance (utility) given by Gibson [38] . Kaptelinin and Nardi adopt a mediated action perspective on the term, considering both the possibilities for interacting directly with a technology (handling affordances), and the possibilities for employing a technology to make an effect on an object (effecter affordances) [39] .
In the field of learning design, Kirschner et al. [40] provided an affordance framework for computer-supported collaborative learning (CSCL) environments based on three types of affordances, i.e., technological, social and educational. Technological affordances were associated with software usability, social affordances were defined as the "properties of a CSCL environment that act as social-contextual facilitators relevant for the learner's social interaction" [41] , while The next parts of this study examine whether the above definition of DLE, which is based on ecological principles, is compliant with contemporary pedagogical theories and practices. The aim is to define a five-step approach that can be used for designing a pedagogy-driven u-learning framework. For this purpose, the concept of affordances is introduced, and the possibility of mapping affordances of learning theories on to affordances of technologies and standards is investigated.
In the field of learning design, Kirschner et al. [40] provided an affordance framework for computer-supported collaborative learning (CSCL) environments based on three types of affordances, i.e., technological, social and educational. Technological affordances were associated with software usability, social affordances were defined as the "properties of a CSCL environment that act as social-contextual facilitators relevant for the learner's social interaction" [41] , while educational affordances as "those characteristics of an artifact that determine if and how a particular learning behavior could possibly be enacted within a given context" [42] . Although this approach focuses on the development of a specific kind of learning environments, the use of affordances makes the learning design model ecological. However, the framework proposed by Kirschner et al. does not promote learners' self-monitoring and self-evaluating activities because the instructional designers are responsible for monitoring for affordances instead of the learners. The particular model does not fully support self-directed learning principles and it is, therefore, not appropriate for lifelong learners.
A more recent definition tried to address this issue by suggesting that learners should notice and negotiate the affordances of their individual and joint learning space, in order to allow self-planned, self-monitored and self-evaluated activities to be included in the learning design model [43, 44] . Pata [45, 46] identified the basic differences between traditional and ecological learning designs and proposed an ecological learning design framework for supporting self-directed learning in new social web.
While a variety of definitions have been discussed so far, this study will refer to the term affordance as "a perceived action-promoting property or relation between particular aspects of the situation and the subject who plans or undertakes actions in a certain environment" [47] . Based on the affordances of u-learning technologies, the following subsections describe a five-step approach for designing a pedagogy-driven u-learning framework. As shown in Figure 2 , the process starts with selecting the learning theories that match the educational approaches of the PAH continuum. educational affordances as "those characteristics of an artifact that determine if and how a particular learning behavior could possibly be enacted within a given context" [42] . Although this approach focuses on the development of a specific kind of learning environments, the use of affordances makes the learning design model ecological. However, the framework proposed by Kirschner et al. does not promote learners' self-monitoring and self-evaluating activities because the instructional designers are responsible for monitoring for affordances instead of the learners. The particular model does not fully support self-directed learning principles and it is, therefore, not appropriate for lifelong learners. A more recent definition tried to address this issue by suggesting that learners should notice and negotiate the affordances of their individual and joint learning space, in order to allow self-planned, self-monitored and self-evaluated activities to be included in the learning design model [43, 44] . Pata [45, 46] identified the basic differences between traditional and ecological learning designs and proposed an ecological learning design framework for supporting self-directed learning in new social web.
While a variety of definitions have been discussed so far, this study will refer to the term affordance as "a perceived action-promoting property or relation between particular aspects of the situation and the subject who plans or undertakes actions in a certain environment" [47] . Based on the affordances of u-learning technologies, the following subsections describe a five-step approach for designing a pedagogy-driven u-learning framework. As shown in Figure 2 , the process starts with selecting the learning theories that match the educational approaches of the PAH continuum. These theories are then mapped on to pedagogical frameworks. In the third step, the affordances of the frameworks are identified and mapped on to affordances of an e-learning software specification, which enables educational content and learning systems to communicate, record and track learning experiences-to this end the xAPI, [48] [49] [50] [51] , is adopted in this paper. The final step of this approach is to match the dimensions that define the potential/capacity of DLEs (which support the latest u-learning technologies) with the affordances of the xAPI. In this way, the proposed theoretical framework may promote pedagogy-driven learning path designs.
The PAH Continuum
Three different educational approaches form the pedagogical background of this framework. Luckin et al. [21] were among the first to interrelate these approaches and talk about a learning continuum from pedagogy through andragogy to heutagogy. The purpose of this study is to follow and facilitate learners' evolution and adapt to their arising learning needs, not only in the context of formal education, but over the span of a lifetime that also contains non-formal and informal learning experiences. We believe that this change in learners' needs as they develop their maturity and autonomy should be reflected in a change of applied educational approaches in DLEs, followed by a corresponding change of the facilitator's role as indicated by Canning [22] . These theories are then mapped on to pedagogical frameworks. In the third step, the affordances of the frameworks are identified and mapped on to affordances of an e-learning software specification, which enables educational content and learning systems to communicate, record and track learning experiences-to this end the xAPI, [48] [49] [50] [51] , is adopted in this paper. The final step of this approach is to match the dimensions that define the potential/capacity of DLEs (which support the latest u-learning technologies) with the affordances of the xAPI. In this way, the proposed theoretical framework may promote pedagogy-driven learning path designs.
Three different educational approaches form the pedagogical background of this framework. Luckin et al. [21] were among the first to interrelate these approaches and talk about a learning continuum from pedagogy through andragogy to heutagogy. The purpose of this study is to follow and facilitate learners' evolution and adapt to their arising learning needs, not only in the context of formal education, but over the span of a lifetime that also contains non-formal and informal learning experiences. We believe that this change in learners' needs as they develop their maturity and autonomy should be reflected in a change of applied educational approaches in DLEs, followed by a corresponding change of the facilitator's role as indicated by Canning [22] .
Learners' maturation can be evaluated in terms of the three fundamental lifelong learning characteristics of self-direction, meta-cognitive awareness and disposition towards lifelong learning. Self-direction implies that the learning process is internally and psychologically controlled by the learner. This translates in learners diagnosing their needs and formulating their learning goals, choosing the learning resources, designing appropriate learning strategies and evaluating learning outcomes. Moreover, learners can take advantage of the collaboration with peers and colleagues, teams, informal social networks and communities of practice [52] . Metacognitive awareness is the learners' awareness of their own cognitive processes. Such skills are required in order for the learners to select learning behaviors and strategies, and to monitor and evaluate their effectiveness through self-assessment and reflection. Disposition towards lifelong learning can be translated in regarding learning as an ongoing process that requires learners to be intrinsic motivated, persistent, willing to take risks and learn from their mistakes, and having the intellectual curiosity and desire to build on existing knowledge.
Learners' progression in the PAH continuum can be scaffolded by appropriate learning design tools and support mechanisms controlled by tutors or experts and partially by the learners. Shift of tool control from tutors/experts to learners could indicate an increase in learners' maturity, and thus their readiness to undertake control of their own learning. Tutors'/experts' role with respect to learning design tools would then change from that of knowledge facilitators to learning strategy validators. It can be claimed, therefore, that heutagogy enables learners to determine their learning path when supported by an online technological framework, and social media can support important elements of the heutagogical approach like group collaboration and reflective practice through double-loop learning [23] . Table 2 below depicts the first two steps of the proposed method (see Figure 2 ) for learning path design across the learning continuum. Each of the educational approaches is matched to one or more learning theories, based on previous research [53] . Then approaches are mapped to contemporary pedagogical frameworks in the third column of the table. For definitions of the learning theories shown in the table, interested readers can refer to [54] . The selection of pedagogical frameworks was based on the following criteria:
Learning Path Design across the Learning Continuum
• Importance in contemporary mainstream pedagogy; • Compliance with the concept of affordances; • Compliance with DLEs concept and other components of the framework; • Frameworks should cover learning processes and their outcomes from both the learners' and the facilitator's perspectives.
For each of the selected pedagogical frameworks, a set of affordances is identified, shown in Table 3 , following the affordances for competence-based and self-directed learning defined in [28] . This corresponds to the third step of the proposed learning path design approach.
All pedagogical framework affordances identified in the previous step are mapped to corresponding xAPI affordances as shown in Table 4 . For information about the Tin Can API|Experience API (xAPI) readers can refer to [48] [49] [50] [51] . Table 3 . Affordances for selected pedagogical frameworks.
Pedagogical Framework Affordances
Competence-based learning Performance-based assessment, binding artefacts with domain concepts, presenting evidences
Self-directed learning Self-directed goal setting, planning and documenting learning paths, scaffolds
Self-determined learning
Collaborative learning (team-based approaches) 1 , development of capacity rather than competency (being able to learn in new and unfamiliar contexts), self-assessment and reflection, double-loop learning 1 Communities of practice/interest, knowledge sharing in the form of sharing resources and information. Table 4 . Mapping pedagogical framework on to Tin Can API | Experience API (xAPI) affordances.
Pedagogical Framework Framework Affordances Tin Can API|Experience API (xAPI) Affordances
Competence-based learning
Performance-based assessment, binding artefacts with domain concepts, presenting evidences
Capture of (big) data on performance, learning analytics tool
Self-directed learning
Self-directed goal setting, planning and documenting learning paths, scaffolds
Aggregation of activity streams, learning paths that lead to successful learning outcomes can be identified and used for scaffolding
Self-determined learning
Collaborative learning, development of capacity rather than competency, self-assessment and reflection, double-loop learning
Allows for system-to-system communication, sharing statements, capture of instructional content and performance context information, and of (big) data on performance
In the final step depicted in Table 5 , the xAPI affordances described above are mapped to DLE characteristics in four dimensions, those used to classify the three generations of TEL systems in Table 1 . Readers can find more information about online and offline learning systems in Figure 1 . Allows for system-to-system communication, stand-alone system or embedded to an LMS, content can be linked to on the cloud, allows reporting and content analytics tools to extract data from any LRS Dominant affordances Reflection, sharing, remixing, tagging, mashups, recommenders Capture of (big) data on performance, instructional content and performance context information (sub-APIs), sharing statements, aggregation of activity streams enables identification of learning paths that lead to successful learning outcomes
Having described the methodology for selecting pedagogical frameworks and the appropriate e-learning technology/standard, the following parts focus on the analysis of the proposed framework for pedagogy-driven u-learning and the corresponding system architecture.
Proposed Framework for Pedagogy-Driven Ubiquitous Learning
In this section, we discuss the overall framework and its constituent parts. Then we examine the architecture of the system.
Learning Path Design Framework
As depicted in Figure 3 , key components of the framework include xAPI-compliant learning environments, a Personal Data Locker (PDL), one or more learning record stores (stand-alone and/or embedded), the learning path design tool, other applications and additional third party applications.
Proposed Framework for Pedagogy-Driven Ubiquitous Learning
Learning Path Design Framework
As depicted in Figure 3 , key components of the framework include xAPI-compliant learning environments, a Personal Data Locker (PDL), one or more learning record stores (stand-alone and/or embedded), the learning path design tool, other applications and additional third party applications. In the remaining of this section, each of the framework parts as well as the way they communicate and exchange information will be reviewed starting with the xAPI-compliant learning environments. It is worth noting that Figure 3 shows a setup from the point of view of a single learner and therefore only one PDL is depicted. PDLs of different learners can communicate with each other and exchange information using the enhanced version of xAPI, which will be referred to in the remaining of this study as xAPI extended [55] .
xAPI-compliant learning environments. All types of learning environments that can act as Activity Providers (APs), i.e., generate xAPI statements based on actions that occur within the environment and communicate those statements to one or more PDLs, are said to be xAPI-compliant. These learning environments are the primary source of information for PDLs along with the other types of APs (e.g. email programs, simulators, medical devices, mobile applications, etc.).
Personal data locker. The place where each learner can store his/her learning data and activities and which also gives learners complete control of this personal information is called a PDL. It is designed to hold xAPI statements and allow the owner to select the part of the data that should be made available to other PDLs, LRSs, and to any required form of learning (e.g., school, university or In the remaining of this section, each of the framework parts as well as the way they communicate and exchange information will be reviewed starting with the xAPI-compliant learning environments. It is worth noting that Figure 3 shows a setup from the point of view of a single learner and therefore only one PDL is depicted. PDLs of different learners can communicate with each other and exchange information using the enhanced version of xAPI, which will be referred to in the remaining of this study as xAPI extended [55] .
xAPI-compliant learning environments. All types of learning environments that can act as Activity Providers (APs), i.e., generate xAPI statements based on actions that occur within the environment and communicate those statements to one or more PDLs, are said to be xAPI-compliant. These learning environments are the primary source of information for PDLs along with the other types of APs (e.g., email programs, simulators, medical devices, mobile applications, etc.).
Personal data locker. The place where each learner can store his/her learning data and activities and which also gives learners complete control of this personal information is called a PDL. It is designed to hold xAPI statements and allow the owner to select the part of the data that should be made available to other PDLs, LRSs, and to any required form of learning (e.g., school, university or company training). The proposed framework adopts the xAPI extended version that puts emphasis on learners' personal rights and sovereignty over their learning data that xAPI-enabled applications record.
Learning path design tool. The most important element of the framework is the learning path design tool, which is used to help learners choose their learning paths. Its functionality is closely related to that of a PDL in the sense that it needs a PDL to store the user and domain models. As with the rest of the learning data, the owner of the PDL can decide if and which of the parts of these two models should be shared with other learners and applications. The tool has access to the learner's PDL and thus does not need to communicate with other PDLs and LRSs directly. When other learners' data is needed, the learning path design tool requests this information from the PDL, which in turn communicates and requests the information from other PDLs and/or LRSs. This capability of the PDL to connect to other PDLs and LRSs and collect data is really useful for exchanging learning path designs and learner models.
Other applications-third party applications. We use these categories to distinguish between applications that have been granted access to a PDL and can connect to it directly, and applications that can only access a PDL indirectly through an LRS. The former category results from the fact that users can take their learning records with them and transfer them from their school to their college/university and later to their employers or maybe to public authorities. Applications provided by such sources are considered to be trusted and they normally fall in the first category.
Learning record store. Statements from xAPI-compliant learning environments and other APs can also be saved in LRSs, the central store of xAPI. Learners have full control over the flow of data to LRSs because statements contain information about their learning experiences. There are two different types of LRSs, the stand alone and the embedded ones. Both types can connect to and exchange information with other LRSs and PDLs, but only the former type can provide some additional functionality with the stored data like dashboards, reports, learning analytics and even award Open Badges.
Learning management system. A LRS may be embedded to and thus be part of a LMS. In that case, the additional functionality described above can be offered by the LMS. However, the LRS will still have the capability to connect to other LRSs, APs and PDLs and exchange data. When extra information about a learner is needed, the LMS can send a request to the embedded LRS, which will then communicate with other LRSs to retrieve the requested data. The LMS can also act as an AP and report the learner's activity to the LRS.
In the next subsection, the architecture of the learning path design tool will be described. The PDL will also be depicted as part of the tool since it plays a significant role in the functionality of the overall system handling the communication and information exchange.
Learning Path Design System Architecture
The proposed architecture enables to combine technological, pedagogical and social aspects of learning path design, and to link different types of learning resources, integrating formal, non-formal and informal learning experiences. It was inspired by the generalized architecture of Adaptive Educational Hypermedia Systems (AEHS) [56] , and the Informal Learning Support Framework (ILSF) [57] . Unlike AEHS, which store educational resources and their description model in the Media Space (MS), and ILSF, which holds informal learning objects and informal learning activities in a Learning Record Store (LRS), the proposed architecture does not provide storage for learning resources. However, it uses a PDL to store the user and domain models, and to exchange information with LRSs in order to search for and sequence all types of learning activities.
The social aspect of our architecture comes from the fact that it supports the exchange of lifelong learning paths between the users as a form of collaboration. This in turn requires comparability and exchangeability of courses, programmes and other types of learning actions, which can be achieved by adopting the learning path model [58] . In addition to learning paths, learners can also exchange their profile information. The lifelong learners' attributes that are stored in the user model can be found in [59] .
The pedagogical aspect of the model architecture is based on the pedagogy-driven design of the framework that was discussed in the previous section. Learning path designs provided in early learning stages offer less autonomy to the learner, and this gradually changes in future learning path designs. It is important to note that the proposed framework of Figure 4 supports collaboration as a common approach for both its social and pedagogical learning design aspects.
process mainly by making decisions on the proposed learning paths by the system and on sharing of the user model and learning path information. The personalization module provides explicit and implicit user configuration as well as collaborative filtering [60] . The Visualization module helps users better understand the available information by making subject-based browsing and navigation easier [61] . There are several methods to implement the visualization of learning paths, e.g. timelines [62] . Adaptation layer. The adaptation model contains the rules for selecting both the concept and the content for the learning path. Selected concepts are retrieved from the domain model, while content is selected from external resources. It is envisaged that the proposed system can integrate formal, informal and social training offerings using two u-learning and development reference models; the 70:20:10 framework and the 3-33 model. This integration can be realized by translating these models Presentation layer. The task of the presentation layer is to present the contents of the PDL in a meaningful and easy to understand way, in order to support the design and decision making processes. It consists of the Personalization and the Visualization modules. The former is responsible for interpreting the adaptation rules specified in the Adaptation Model and for aligning them with the learning goals and the domain concept ontology, in order to generate personalized learning paths. In addition to the two main learning design roles Domain Expert and Instructional Designer [56] , there are three additional roles (User, Parent and Tutor/Teacher) that can take part in the design process mainly by making decisions on the proposed learning paths by the system and on sharing of the user model and learning path information. The personalization module provides explicit and implicit user configuration as well as collaborative filtering [60] . The Visualization module helps users better understand the available information by making subject-based browsing and navigation easier [61] . There are several methods to implement the visualization of learning paths, e.g., timelines [62] .
Adaptation layer. The adaptation model contains the rules for selecting both the concept and the content for the learning path. Selected concepts are retrieved from the domain model, while content is selected from external resources. It is envisaged that the proposed system can integrate formal, informal and social training offerings using two u-learning and development reference models; the 70:20:10 framework and the 3-33 model. This integration can be realized by translating these models into concept and content selection rules and by storing them in the adaptation model. A more detailed analysis of the use of these two reference models is presented in the following section.
Personal data locker. The PDL is used to store information in the user and domain models. Typical contents of the user model are the cognitive characteristics, preferences and the knowledge space. For the design of the latter, the overlay modelling approach can be used [63] . The domain model stores the domain concept ontology and the learning goals hierarchy, where each learning goal is associated with a set of concepts in the domain ontology. The PDL is designed to support group collaboration and knowledge sharing and provides all the functionality for sharing user models, learning paths and domain models.
Discussion
In the previous sections, the proposed framework was examined from a theoretical and a technological point of view. However, we have not discussed so far how the framework may use the 70:20:10 framework and the 3-33 model to integrate formal, informal and social training offerings. Since the selected e-learning software specification (xAPI) supports the 70:20:10 learning theory [64], we will explain the integration of training offerings through a usage scenario.
Jane is a secretary and she is interested in learning programming because she believes this knowledge will help develop within the organization she is working. Although she uses a computer at work every day, her background is not related to computer science and thus she does not know how to acquire the programming knowledge she needs. She decides to use the learning path design tool to achieve her learning goal.
Jane logs in the tool and gives it the permission to access her learning data by providing her unique PDL id. She has taken her learning records with her and transferred them from the college to her current employer so all her previous knowledge is recorded in the PDL. When the learning path design tool starts, it first searches the PDL for stored user and domain models. Jane has not used the tool before, which means that the tool will create her initial user model based on the statements recorded in the PDL. Then the user model will be stored in the PDL so that it will not have to be created again the next time the tool starts. Jane records her goal to learn programming, and also defines some search criteria (e.g., how long she can learn each day, the weekdays she is not available, etc.). The tool starts searching for existing learning paths that have the same learning goal by connecting to other PDLs and LRSs. During the search, it transpires that many of Jane's colleagues (PDL ids from the same company) have recorded programming knowledge.
When the search is finished, the tool ranks the resulted learning paths according to Jane's search criteria. In addition, the tool suggests that Jane should use the 70:20:10 framework to benefit from her colleagues' programming knowledge. Jane has not heard about that framework before, but after reading the short description, she decides to follow the suggested learning method.
Once the learning method is selected, the tool displays a new screen with instructions that explain what Jane should do next. Since the chosen framework suggests that approximately 70% of the learning time should be through workplace challenges and experiences, the tool suggests that Jane should spend 70% of her learning time to write a small software application (e.g., an appointment organizer software) to solve every day work problems. Then, 20% of her learning should be through contact with other people (social learning) so the learning path design tool shows the PDL ids of people that are available and willing to teach programming. Finally, for the remaining 10% of the learning time, the tool has selected an appropriate short course that Jane can attend when she is available. In this way, the learning path design tool has helped user Jane to successfully integrate formal, informal and social learning experiences.
A similar usage scenario could be presented to describe the integration of learning experiences using the 3-33 model. The only difference in that case would be that 33% of the learning should be acquired through formal, 33% through informal and 33% through social learning activities. The adaptation model would then apply the content selection rules that correspond to the 3-33 learning model to achieve the integration of these three types of learning experiences.
Conclusions
This paper described a framework for pedagogy-driven learning path design, as part of a u-learning environment where DLEs communicate and exchange information through the experience API. The framework is underpinned by the PAH cumulative continuum and aims to promote the u-learning definition of learning the right thing at the right place and time in the right way. Its value lies in the fact that the supported learning path designs take the features of learning contents and the parameters of real-world environments into account, and can link formal, informal and social training offerings using the 70:20:10 framework and the 3-33 model.
In the proposed layered system architecture for pedagogy-driven learning path design, there is a clear separation of the functionality of each layer, and a correspondence between layers and supported learning design features. Hence, the presentation layer implements the system's personalization features. The adaptation layer applies the content and concept selection rules to promote the PAH continuum and link formal, informal and social learning experiences. The PDL stores the user and domain models and enables collaboration (user model, learning path and domain model sharing).
The system's cloud architecture implements the experience API, which enables the recording and tracking of both online and offline learning. Thus, its efficiency can be easily proven. Future work will concentrate on examining possible ways to implement and evaluate the proposed framework.
